Abstract: We experimentally demonstrate the dissipative soliton modelocking operation of a Yb:YSO laser by using an all-normal dispersion cavity. Strongly chirped pulses are obtained with pulse duration of 9.3 ps at a repetition rate of 113.4 MHz. The central wavelength is 1082 nm with 3.1 nm FWHM bandwidth. A dual-wavelength synchronously mode-locking operation at central wavelengths of 1059.2 nm and 1082.2 nm is also reported. Stable mode-locked pulses are achieved with pulse duration of 10 ps and total average output power of 164 mW. Periodic ultrashort beat pulses with pulse duration of 169 fs at an ultrahigh repetition rate of 1.4 THz can be distinctly observed from the measured autocorrelation trace. To our knowledge, this is the first demonstration of dual-wavelength synchronously mode-locking operation from a Yb:YSO laser. 
Introduction
Dissipative solitons (DS) mode-locked lasers, which are generally occurred in net positive intra-cavity dispersion or all normal dispersion regions, have attracted much attention in recent years due to the large capacity in pulse energy and difficulty in soliton splitting.
Characterized by strongly chirped pulse and shaped spectrum with steep edge, the DS modelocking operations have been demonstrated in various lasers such as chirped pulse oscillators [1] [2] [3] [4] [5] and all normal dispersion Yb or Er doped fiber lasers [6] [7] [8] [9] . Recently, Tan et al. reported the evidence of DS in an Yb:CaYAlO 4 (Yb:CYA) laser for the first time [10] , the result has implied that the DS operation can exist in the positive cavity dispersion modelocking regime of the Yb doped solid state lasers. However, there are only several Yb-doped solid state bulk lasers have realized the DS operation [11, 12] .
In addition, dual-wavelength synchronous ultrashort pulse source has versatile applications including microwave and terahertz radiation generation, ultrahigh repetition rate pulses and supercontinuum generation, ultrafast pump-probe technique [13] [14] [15] . To date, both conventional soliton dual-wavelength and DS dual-wavelength synchronously mode-locking in a single cavity have been implemented in a variety of lasers by different means. For example, conventional soliton dual-wavelength mode-locking operation is generally realized in Ti:sapphire laser [16] [17] [18] , rare-earth doped solid state lasers such as Nd-doped [19] [20] [21] [22] [23] [24] or Yb doped [25, 26] solid state lasers and fiber lasers [27] [28] [29] [30] . Moreover, DS dual-wavelength mode-locking was mainly focused on all normal dispersion fiber lasers [31] [32] [33] [34] .
The Yb 3+ doped oxyorthosilicate Y 2 SiO 5 (Yb:YSO) crystal is an attractive laser material as the other Yb doped oxyorthosilicates because its admirable laser properties [35] . Firstly, the ground state energy splitting of Yb 3+ ion in Yb:YSO crystal is up to 984 cm −1 which leads to a quasi-four level operation and then a low pump threshold. Secondly, the Yb:YSO crystal exhibits a fluorescence lifetime as large as 1.74 ms and excellent thermo-optical properties implying a potential to generate pulses with high energy. Last but not least, a broad emission spectra of 48 nm with four strong emission bands around 1008, 1040, 1056 and 1081 nm supports the generation of ultrashort pulses with several hundred femtosecond pulse duration. Excellent laser performances on both continue wave (CW) and femtosecond pulse generation have been demonstrated in recently years. The 7.3 W CW power corresponding to a slope efficiency of 67% directly from a diode pumped Yb:YSO lasers was obtained in 2005 [36] . In 2006, a femtosecond mode-locked Yb:YSO laser with 2.6W average output power and 198 fs pulse duration was reported [37] . Moreover, the fact of four emission peaks indicts that it is possible for a Yb:YSO laser to operate in simultaneously dual-wavelength or multiwavelength mode-locking regime.
In this paper, we firstly report a diode pumped DS mode-locking Yb:YSO laser with 9.3 ps pulse duration at 1082 nm, then further demonstrate a dual-wavelength synchronously mode-locked operation at 1059.2 nm and 1082.2 nm with 10 ps pulse duration at 113.4 MHz repetition rate. Periodic ultrashort beat pulses with pulse duration of 169 fs at an ultrahigh repetition rate of 1.4 THz can be obviously observed from the measured autocorrelation trace. To the best of our knowledge, this is the first demonstration of a dual-wavelength synchronously mode-locking Yb:YSO laser.. Figure 1 is a schematic diagram of the experimental setup. A commercial fiber-coupled diode laser emitting at 976 nm with a maximum output power of 25 W was used as the pump laser. The core diameter of the fiber is 105 μm and the numerical aperture (NA) is 0.22. We employed an imaging system with a magnification of 0.8 to couple the pump laser from the fiber into a 3 mm long, 5 at.% doped Yb:YSO crystal with antireflection-coating which was wrapped with indium foil and mounted tightly on a water-cooled copper heat sink block for effective heat dissipation. The copper block was cooled by 10 °C flowing water during the experiment.
Experimental setup
A standard Z-folded cavity was employed in the experiment. Both M1 and M2 were dichroic mirrors with 75 mm radius of curvature (ROC) coated with high reflection in the range of 1020-1100 nm and high transmission at 970-980 nm. To achieve mode-locking in positive dispersion region, a Gires-Tournois Interferometer (GTI) mirror with group velocity dispersion (GVD) of + 1000 fs 2 per bounce around the 1080 nm was used. The GTI also introduces −800 fs 2 GVD per bounce around 1055 nm range. A plane mirror with 0.4% transmission at 1020-1100 nm was selected to be the output coupler (OC) for improving the intracavity power density. To initiate the mode-locking, a curved folding mirror M3 with ROC of 300 mm was used to focus the laser beam on a semiconductor saturable absorber mirror (SESAM, BATOP GmbH), which was designed for 1.2% modulation depth at 1064 nm, 60 μJ¤cm 2 saturation fluence, and a relaxation time of less than 500 fs. The SESAM induces almost 800 fs 2 GVD in the range of 1060 ~1080 nm. In addition, the Yb:YSO crystal also contributes normal dispersion, while the GVD of other mirrors can be ignored. So an allnormal-dispersion Yb doped solid state laser around 1080 nm was designed. The total cavity length was about 1.32 m corresponding to a repetition rate of 113.4 MHz. 
Results and discussion
We firstly optimized the CW operation under a pump power of 13 W. Then by finely-tuning the position and angle of the SESAM, stable mode-locking operation was easily obtained at the central wavelength of 1082 nm. Figure 2 depicts the output power property of the DS mode-locked laser (Black solid squares). Higher pump power than 14 W was not applied in order to avoid damage either on the SESAM or on the crystal. When operated in pure DS mode-locking, the maximum output power was 144 mW and mode-locking operation would turn to be unstable when pump power down to 12.5 W. Compared to our previous work [11] reporting 558 mW output power with the similar material in the similar configuration, but higher output coupling and lower SESAM losses, here we obtained lower output power not only due to the low transmittance (0.4%) of the OC and the large non-saturable loss (0.8%) of the SESAM, but also because of the small absorbed pump power which was only 5 W at 14 W incident pump power as shown inserted in Fig. 2 . An optical spectrum analyzer (YOKOGAWA, AQ6370C) and a commercial intensity autocorrelator (FR-103MN, Femtochrome Research, Inc.) were used to investigate the spectrum and autocorrelation trace. The optical spectrum had a full width at half maximum (FWHM) bandwidth of 3.1 nm with typical dissipative soliton characteristics, which is shown in Fig. 3(a) . Fourier transformation of this spectrum shows that it supports a Fourier limit of 270 fs. Figure 3(b) describes the evolution of mode-locking spectra with increasing pump power. As evident from Fig. 3(b) , a slight broadening of the optical spectrum could be found as the pump power increasing, which is in accordance with the situation in [7] . The intensity autocorrelation trace sketched in Fig. 4 had a FWHM bandwidth of 14.3 ps, corresponding to the pulse duration of 9.3 ps if a sech Fig. 4 . The intensity autocorrelation trace of the DS mode-locked pulse. The experimental data and the sech 2 -fitting curve are described by the blue curve and the red curve, respectively.
Because of the larger emission cross section at 1056 nm than that of at 1081 nm, we found that it is easy to generate CW component around 1060 nm when we adjusted the end mirrors (SESAM or OC). And a tending to mode-locking at both 1060 nm and 1080 nm was observed. Encouraged by the observed phenomenon, we further carefully tuned the positions both of the crystal and the SESAM, meanwhile adjusted the end mirrors. Dual-color synchronous mode-locking at 1059.2 nm and 1082.2 nm was obtained. The output property of the mode-locking operation is also given in Fig. 2 (Red solid dots) . The maximum output power was 164 mW, which is a little larger than that of the DS operation. Figure 5 expresses the spectrum of the synchronously mode-locked pulses. It can be seen that the two color mode-locking pulses were centered at 1059.2 nm and 1082.2 nm, respectively. The center frequency difference between the two wavelengths is 6.1 THz and the intensity ratio between the dual-color pulses was about 1:2. The corresponding intensity autocorrelation traces were revealed in Fig. 6(a) and Fig. 6(b) with delay time spanning of 50 ps and 6 ps, respectively. The autocorrelation trace illuminated in Fig. 6 (a) has a FWHM of 15.4 ps, thus the actual pulse duration should be 10 ps if a sech 2 -shape pulse is assumed. Resulted from the optical beat between two carrier frequencies of the dual-wavelength synchronous pulses, periodical ultrafast pulses with pulse duratin of 169 fs, if a cosine shape pulse is assumed, are distinctly observed in the autocorrelation trace. The time interval between each beat pulses is 710 fs, corresponding to a repetition rate of 1.4 THz. Fig. 6 . The intensity autocorrelation traces of the dual-wavelength synchronously modelocking laser with delay time of 50 ps (a) and 6 ps (b), respectively. The experimental data and sech 2 -shape fitting curve are described by the blue curve and red curve, respectively.
Using a RF spectrum analyzer (Agilent E4407B), we measured the RF power spectrum shown in Fig. 7 . A distinct 55.5 dBc fundamental beat note at 113.396 MHz was recorded in a frequency span of 200 kHz with a resolution bandwidth (RBW) of 1 kHz as in Fig. 7(a) . Figure 7(b) gives the several harmonic frequency signals in a frequency span of 1 GHz under the RBW of 100 kHz. Though, two mode-locking pulses at different wavelengths were appearing, the RF spectrum indicates that the dual-color pulses were synchronously propagating in the cavity. It was also clearly incarnated by the typical mode-locked pulse train depicted in Fig. 8 , which is measured with a high-speed detector and a 200-MHz-bandwidth oscilloscope. It can be seen that only one mode-locked pulse is observed in one cavity period, which is further confirmed that the two mode-locked pulses at different wavelengths were synchronized and temporally overlapped to a certain extent. To explore the characteristics of the mode-locking pulses at 1059 nm and 1082 nm, we separated the dual-color pulses with a prism and measured the spectra and intensity autocorrelation traces, respectively. For mode-locking pulse at 1082 nm, the spectra and intensity autocorrelation trace were just similar to those of the pure DS mode-locking operation at 1082 nm. Figure 9 (a) and 9(c) shows the corresponding spectra and intensity autocorrelation traces of the mode-locking pulse at 1059 nm and 1082 nm, respectively. The FWMHs of the optical spectra at 1059 nm and 1082 nm are 2.1 nm and 3.1 nm which corresponding to the Fourier limit of 324 fs and 270 fs. The different between the dual color mode-locking spectra is mainly due to the different total cavity round-trip GDDs between these two emission bands, which resulting in different types of mode-locking operations which traditional ps mode-locking at 1059 nm while DS mode-locking at 1082 nm. The corresponding intensity autocorrelation traces sketched in Fig. 9 (b) and 9(d) had FWHM bandwidths of 19.3 ps and 14.9 ps. If sech 2 -pulse shape was assumed, the pulse durations are 12.5 ps and 9.7 ps, respectively. To explain why the dual-wavelength synchronously mode-locking operation happened in our experiment, we assume that it is due to the alliance between the large gain cross sections at the two wavelength bands (1056 nm and 1081 nm) and an appropriate SESAM. Just as the situation in [19] , the dual-color pulses turned out to be synchronous were mainly driven by the modulation of the SESAM. It is worth noticed that the repetition rate of beat pulses is not equal to 6.1 THz, the center frequency difference between the two wavelengths, but to be a fractional number of the frequency difference. And the shape of beat pulses is not completely cosine-like, which we contribute to the strong chirp features of the dual-color pulses and that the dual-color pulses are not completely overlapped in the time domain. According to the discussion in [38] , the beat frequency does depend on not only the center frequency difference but also the time delay between the two pulses as well as the linear frequency chirp rate.
Conclusion
In conclusion, we have presented a dissipative soliton mode-locked Yb:YSO laser by using an all-normal-dispersion cavity. Strongly chirped pulses have been obtained with pulse duration of 9.3 ps at a repetition rate of 113.4 MHz. The central wavelength was 1082 nm with 3.1 nm FWHM bandwidth and the maximum output power was 144 mW. Furthermore, we have demonstrated what we believe the first dual-wavelength synchronously mode-locking operation at 1059.2 nm and 1082.2 nm from a Yb:YSO laser. . It is proved that the two color pulses were synchronized and partially temporally overlapped in the cavity. The two synchronous pulses generated beat pulses train with 169 fs pulse width and a repetitive rate of 1.4 THz. We believe that it is a potential laser source to generate ultrashort THz-wave pulses.
